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INTRODUCTION
The study of animal behaviour has developed from detailed
descriptions of behaviour in 1930s into modern behavioural ecology,
where questions of “how” and “why” are addressed in an ecological
and evolutionary contexts. Although the early steps of ethological
research included studies where animals were described as
stereotypically behaving little machines (see Krebs & Davies 1997), it
is now well understood that behaviour, like any other trait, is
influenced by genes, environment and their interaction and thus is
highly variable and evolvable under natural selection (Foster &
Endler 1999). An individual is a complex combination of various
traits. Therefore the expression of single characteristics is often
difficult to fully understand without having knowledge of its history
and relationship with other traits. This complexity of the unit of
selection is nevertheless often overlooked in most fields of biological
research (Spicer & Gaston 1999).
A central theme of this thesis is aggressive behaviour. The main
objective is to integrate genetics and physiology into the study of
aggressive behaviour in salmonid fish. By doing so, I hope to find
more answers to the causes and constraints of diversity in aggressive
behaviour. Large part of this thesis deals with the effect of the
amount of genetic diversity on aggressive behaviour (III-V) in
salmonids. Although studies of “genes and behaviour”, in respect of
investigating the inheritance of behaviour in animals, have been
abundant (Lagerspetz 1964; Boake 1994; Holmes & Hastings 1995),
studies on the effect of genetic diversity on behaviour are scarce.
Furthermore, I have studied the variation in metabolic rate and in
aggressiveness among four brown trout populations (II). Despite the
importance of connecting physiology into ecological and evolutionary
framework, only recently has the field of evolutionary physiology
gained more attention (Garland & Adolph 1991; Spicer & Gaston
1999). Furthermore, the study of individual variation and diversity
among populations has been underrepresented in the physiological
research, even though this variation may involve patterns that may
have profound ecological and evolutionary implications.
Another important scope of this thesis is to investigate geographic
variation in behavioural (I) and physiological (II) traits. The existence
of genetic variation is the basis of evolution. Variation can be
examined in several levels, which all can contribute valuable
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information on causes and potential consequences of evolutionary
mechanism. There exists a considerable amount of variation among
individuals in physiological, morphological, behavioural and life
history traits. As part of this variation is linked to individual’s fitness,
individual-level comparisons can contribute information, e.g., on the
strength and direction of natural selection. Similarly, comparisons of
individuals may reveal positive associations and trade-offs among
different traits. Individual-level comparison in this thesis has focused
on the variation in dominance status (III) and in competitive ability
(V) and their relationships with the amount of genetic variation in
brown trout  (Salmo trutta) (III) and salmon  (Salmo salar) (V).
Comparison of populations, on the other hand, may provide valuable
information on the adaptive causes of the differentiation, as
populations have been separated for a shorter time than species, and
may still reside in the same areas where the differentiation occurred
(Foster & Endler 1999). In this thesis, I have investigated variation in
aggressive behaviour among ten geographically distinct brown trout
populations (I). In addition, I examined variation in metabolic rate
among four of these brown trout populations (II).
Aggression, dominance and competitive ability
Aggressive behaviour is very common in both animals and humans,
and it occurs in situations where the interests of the individuals are in
conflict. Aggression includes a range of behavioural solutions to
problems such as competition over resources or competition over
outcomes (e.g., occurrence of mating) (Archer 1988). Hierarchical
relationships between individuals, where earlier winners usually win
and losers keep on losing most of the fights can be established when
individuals either permanently or temporally live in a group. Usually
the high-ranking individual, i.e., the dominant, has a prior access to
resources (Nakano 1995). Dominants often also have greater
reproductive success than subordinates (Clutton-Brock et al. 1986;
Blanckenhorn 1991; Pusey & Packer 1996; Pusey et al. 1997; but see
also Frank et al. 1995; Gross 1996).
If it is advantageous for an individual to fight for food, then instead of
fighting over each food item, it can be energetically more efficient for
an individual to defend a space, i.e., territory, which contains food
(Wilson 1975). The classic definition of a territory refers to a fixed
area, from which other animals are expelled by means of aggressive
acts (Huntingford & Taylor 1987). While dominance hierarchy is often
connected to identity or properties of the opponent, territoriality is
associated with the space where the encounter with conspecifics
occurs (Huntingford & Turner 1987). Despite the differences in
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definitions, territoriality and dominance hierarchy are often difficult
to separate, and the occurrence of either form can be context-
dependent (Huntingford & Turner 1987).  This seems to be the case in
many salmonid fishes; territoriality is associated with low density,
and dominance-subordinate relationships are often found at higher
densities (Wankowski & Thorpe 1979; Metcalfe 1998).
The role of aggressiveness and competitive ability in the salmonid
lifecycle is probably largest at the juvenile stage. Salmonid eggs are
usually buried in the gravel. The fry that hatch from the eggs utilise
first the nutrients from the yolk sack, and only after few weeks, do
they start using exogenous food. In the river, juvenile fish lay rather
stationary on, or near, the bottom, and feed on drifting food
(Kallenberg 1958; Keenleyside & Yamamoto 1962). As the number of
profitable feeding territories or stations (in terms of energetics,
number of bypassing food items) in the river is limited, juvenile fish
can experience extensive resource competition, where a relatively
small proportion of fish will survive. For example, migratory brown
trout commonly occur at high densities immediately after swimming
up from the gravel, but by autumn the juvenile density can be reduced
by up to 80% (Elliott 1986). Hence, the ability to acquire and defend a
feeding station is crucial for the future success and survival of the
young fish. Fish without a territory are more likely to die due to
starvation (Elliot 1994) or predation (Brännäs 1995) than territorial
fish.
Being a successful competitor in the stream may also have long-term
effects on an individual’s life history decisions. Atlantic salmon show
large variation in the age at which they migrate to sea. For instance,
in Scotland some individuals migrate already in their first year, while
others remain in the river for one or more years (Metcalfe & Thorpe
1990). Although the size distribution of the fish is initially unimodal,
it becomes bimodal in the autumn, where the largest fish form upper
modal group (UMG), whereas the lower modal group (LMG) consists
of smaller fish. UMG fish will migrate in the following spring, while
LMG fish remain in the river for an additional year or more (Thorpe
1977). Fish with higher social status are more likely belong to the
UMG group and thus adopt a faster life history strategy with higher
growth rate, earlier migration, and also, earlier maturation (Metcalfe
et al. 1989).
Aggressive behaviour shown by salmonids is competitive aggression,
which differs from the other two forms of aggression; parental and
protective, in that neither the individual nor its offsprings’ life is
directly threatened (Archer 1988). Thus losing one fight does not
usually have such dramatic consequences as in the case of parental or
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protective aggression, and therefore deciding whether to fight or
withdraw is a large component of competitive aggression (Archer
1988). While aggressive behaviour has benefits, it also involves costs.
The main benefit of high aggressiveness is better access to resources
such as food, mates and space, which in turn have an influence on
fitness (Huntingford & Taylor 1987). Costs of aggressive behaviour
include the risk of injury, and exposure to predators when fighting
(Jakobsson et al. 1995). Furthermore, aggressive behaviour demands
time and energy, which could otherwise be used for searching for food
or mates (Li & Brocksen 1977; Sneddon et al. 1999). Costs may also
arise if the genes increasing the level of aggressiveness influence
traits which have negative effects on fitness (Hoffman 1994).
There exists a large variation in aggressiveness among individuals of
a given species. What then determines the aggressiveness of an
individual? In salmonids the level of aggressiveness is partly
genetically determined (Ferguson & Noakes 1982), albeit the
environment has also a large influence on aggressiveness. For
example, variation in food resources (Rosenau & McPhail 1987;
Dunbrack et al. 1996), predation pressure (Huntingford 1982;
Magurran & Seghers 1991) and water velocity (Grant & Noakes 1988)
are known to affect the level of aggression. Individual aggressiveness
is also influenced by other conspecifics, e.g., the size difference
between opponents (Abbot et al. 1985), the degree of relatedness
(Olsén 1999 and references therein) and earlier experience of losing or
winning (Huntingford & Turner 1987). It has also been suggested that
the length of stream residence period, i.e., the length of the time
spend in the river before migrating into the sea or lake might be
positively associated with aggressiveness (Taylor & Larkin 1986;
Hutchison & Iwata 1997). Thus individuals of resident species and
populations should behave more aggressively than those species
which after a short stream period migrate to sea. The studies made in
the sticklebacks (Bakker & Feuth-de Bruijn 1988) and in several
salmonid species (Rosenau & McPhail 1987; Taylor 1990; Hutchinson
& Iwata 1997) support this hypothesis. In this thesis I have
investigated this hypothesis in ten brown trout populations, which
differ in their migration behaviour (I).
Dominant individuals usually behave more aggressively (Keenleyside
& Yamamoto 1962) and grow faster (Metcalfe 1991; Ryer & Olla 1996)
than subordinates. The positive association between growth rate and
aggressiveness has often been found at the individual level (Swain &
Riddel 1990; Nicieza & Metcalfe 1999; but see Ruzzante, & Doyle
1991, 1993). This is partly explained by the better competitive ability
of the more aggressive, dominant individuals. However, dominants
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may also have larger metabolic scope resulting in higher growth
potential (Metcalfe et al. 1995). If a genetic correlation between
aggressiveness and growth rate exists, it should be expressed also at
the population level. Hence, individuals from populations with higher
growth rate should behave more aggressively than individuals of
populations with slower growth. I examined this hypothesis among
ten brown trout populations (I).
Metabolic rate
Metabolic rate is a measure of the total energy metabolized by an
individual during a specified time unit (Willmer et al. 2000) and is
very dependent on the activity of the animal. Standard metabolic rate
(SMR) is the level required for minimal resting lifestyle, and is the
level needed for sustaining the critical physiological functions (Priede
1985; Willmer et al. 2000). The maximum metabolic rate is usually
(but not always see, e.g., Priede 1985; Blaikie & Kerr 1996) achieved
during maximum sustained swimming (in fish) and is often referred
as active metabolic rate (Willmer et al. 2000). The area between the
lowest (SMR) and the highest (maximum) metabolic rates is called
metabolic scope.
Individuals differing in their social status have been found to differ
also in their metabolic rate. The higher metabolic rate of dominant
individuals was first discovered in birds. In these studies, the higher
metabolic rate of dominant individuals was mostly interpreted as ‘the
cost of being dominant’ (Røskaft et al. 1986; Högstad 1987; Bryant &
Newton 1994; but see Senar et al. 2000), as more energy would be
needed to maintain the higher metabolic rate. Higher metabolic rate
in dominants has also been observed in salmonids (Metcalfe et al.
1995; Cutts et al. 1998, 1999, 2001; Yamamoto et al.1998). However,
in salmonids, the higher metabolic rate of dominant individuals has
instead been interpreted to be beneficial, as it allows greater potential
for rapid growth and increases the probability of early smoltification
(Metcalfe et al. 1995). Positive association at the individual level
between aggressiveness and SMR has been observed in Atlantic
salmon (Cutts et al. 1998). In this thesis, I investigated whether this
association would also exist at the population level by comparing
aggressiveness and standard metabolic rate between four brown trout
populations (II).
In the same study (II) I also investigated population level variation in
metabolic rate in brown trout. Studies in vertebrates investigating
geographic variation in physiological traits are relatively rare, and
this is the case especially with studies comparing more than two
populations (Garland & Adolph 1991). Populations from different
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latitudes or altitudes often differ in many physiological and ecological
traits. This is because many important environmental factors vary
along altitude and latitude (Spicer & Gaston 1999). Also metabolic
rate may vary with latitude, and the majority of the studies suggest
that populations living in higher latitudes or altitudes tend to have
higher SMRs measured in standard environment reflecting
adaptation to more seasonal climate (Cossins & Bowler 1987; Garland
& Adolph 1991; Spicer & Gaston 1999).
Genetic variation
Individual’s genotype consists of a set of genes, where the physical
and biochemical expression of this genotype is called phenotype (Hartl
1999). However, the phenotype is affected not only by genes but also
by environment and their interaction. DNA is the genetic material of
the genome, and within a cell it is arranged linearly along
chromosomes. Each diploid individual has two sets of same genes, i.e.,
alleles that are inherited from the parents. These alleles can be
different, and code for somewhat different polypeptide chain. In this
case the locus, which is the position of the gene along a chromosome,
is said to be heterozygous (Hartl 1999). Correspondingly, the locus is
homozygous, if the two alleles are identical.
Natural selection can result in evolution only if a particular trait is
heritable. Thus, sufficient amount of genetic variability guarantees
that population is able to respond to selection in a changing
environment. Genetic diversity, which can be seen as a continuum
from inbreeding depression to outbreeding depression (Mitton 1993),
may also have a direct effect on individual’s fitness. Matings between
close relatives may result in increased homozygosity and offspring
with lowered fitness; a phenomenon called inbreeding depression
(Lynch & Walsh 1998). Generally, increased homozygosity and
inbreeding depression results from breeding among relatives, it can
also result from genetic drift in a small and isolated populations, even
in the absence of matings between close kin (Shields 1993). Heterosis,
or hybrid vigour (Shull 1914, cited in Lynch & Walsh 1998), is the
term for the phenomenon where the performance of offspring exceeds
the performance of parents when two populations or breeding lines
are crossed. High overall heterozygosity decreases the chance of
expression of deleterious recessive alleles (partial dominance
hypothesis), and furthermore, the heterozygote state itself can have
fitness benefits compared to homozygotes (overdominance hypothesis)
(Charlesworth & Charlesworth 1987). With an increase in the degree
of differentiation between the mating individuals there is an
increasing chance of outbreeding depression, which can result in
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lowered fitness of the offspring. The reason for this is a break down of
local adaptations and/or co-adapted gene complexes.
Research concerning the association of genetic variation with fitness-
related traits has been abundant. The information on the effect of
genetic diversity on fitness has been obtained from the performance of
selected laboratory inbred/outbred lines (Latter & Sved 1994; Latter et
al. 1995), as well as from studies relating molecular (usually allozyme)
heterozygosity with several fitness traits (Mitton & Grant 1984;
Charlesworth & Charlesworth 1987; Mitton 1993). Growth, fecundity
and survival (Mitton & Grant 1984; Charlesworth & Charlesworth
1987) have been the most extensively studied traits, however, very
few studies have examined the associations between genetic variation
and behaviour. Studies of inbred and outbred lines suggest that
inbreeding has negative influence on aggressiveness and social status
in mice (Mus musculus) (Barnard & Fitzsimons 1989; Eklund 1996;
Meagher et al. 2000). Similarly, inbred lines of Drosophila have lower
competitive ability (in terms of mating success), resulting in lowered
reproductive success (Latter & Robertson 1962; Latter & Sved 1994).
Detecting inbreeding and outbreeding
Molecular ecology can be defined as the application of molecular
genetic markers to the questions in ecology and evolution (Carvalho
1998). Research in molecular ecology started with the development of
allozyme electrophoresis, which made possible the assessment of
protein variation in wild animals. The study of protein variation was
followed by the development of DNA-based markers, such as
restriction fragment length polymorphism (RFLP), mitochondrial
DNA (mtDNA) -markers and highly repetitive DNA sequences (e.g.,
mini- and microsatellites) (reviewed in Carvalho 1998). All these
molecular markers are considered to be selectively neutral, although
intense selection has observed in some allozyme loci (Mitton 1998).
The choice of genetic marker in to the study depends on the level of
genetic variability needed in investigating a particular ecological or
evolutionary question. Similarly, marker’s genetic and evolutionary
characteristics, e.g., parental mode of inheritance, can be important
when choosing genetic marker.
Allozyme (protein) heterozygosity is a commonly used measure of
genetic variation, where individuals with low levels of heterozygosity
can be interpreted being more inbred than individuals with higher
heterozygosity (Mitton 1993). However, one of the disadvantages of
allozyme markers is that they show low levels of polymorphism. As
microsatellites are much more polymorphic, and have much higher
levels of heterozygosity, microsatellite-based measures of
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heterozygosity has been suggested to be a better indicators of
inbreeding and outbreeding than allozyme-based estimates of
heterozygosity (Pemberton et al. 1999). Microsatellites are tandem
repeats of short sequences of DNA, and the most commonly used
microsatellite markers in animal studies have dinucleotide (CA)
repeats (Jarne & Ladoga 1996 and references therein). Microsatellites
have been observed in every eukaryotic organism studied so far, and
they are found to be rather uniformly distributed across the genome,
with the exception of being relatively rare in coding regions (Hancock
1999).
Several mutation models have been suggested to explain the
mutational process in microsatellites. Two mutation models that are
most supported by population data are the Stepwise Mutation Model
(SMM) and the Two Phase Model (TPM) (Estoup & Cornuet 1999).
SMM predicts that mutational process includes changes of one repeat
unit, while TPM suggests that in addition to changes of one repeat
unit, a small part of mutations consists of changes of more than one
repeat unit (Estoup & Cornuet 1999). Primmer et al. (1996) found that
in barn swallow (Hirundo rustica) 18% mutations were more than one
repeat unit changes, where the mean change was 2.7 repeat units.
Most human microsatellites seem to follow SMM (Valdes et al. 1993),
with only small proportions of changes more than one repeat unit
(DiRienzo et al. 1994). Drawn together, majority of microsatellites
seems to have mutations including only one repeat unit changes, with
small proportion of larger mutational steps (Estoup & Cornuet 1999;
Ellegren 2001).
If a microsatellite mutation approximately follows SMM, then the
differences in number of repeat units between the two alleles within
locus include historical information about the time since their
coalescence (Goldstein et al. 1995). At the population level, Goldstein
et al. (1995) found that the squared distance between the two loci
(averaged over all loci) was linearly correlated with the time since the
two populations diverged. Using the same logic Coulson et al. (1998)
proposed that the same measure, mean d2, squared distance between
the two alleles within loci, averaged over all studied loci, could be also
used at individual level as a measure of individual genetic diversity.
Mean d2 is suggested to be better indicator of inbreeding/outbreeding
than heterozygosity, as the mean d2 will include homozygosity
(contributing 0 to the value), but it also registers the difference
between the alleles, instead of just measuring
homozygous/heterozygous state (Coulson et al. 1998). Mean d2 has
been found to detect fitness effects caused by inbreeding/outbreeding
in several studies (Coulson et al. 1998, 1999; Coltman et al. 1998;
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Hansson et al. 2001; Rossiter et al. 2001). I used both of the estimates,
mean d2 and heterozygosity, as a measures of genetic diversity, in
investigating the possible association between genetic diversity and
social status in brown trout (III). I used these same estimates also to
examine the effect of intra-individual genetic variation on competitive
ability of Lake Saimaa salmon (Salmo salar) (V).
The number of studies demonstrating the effects of inbreeding
depression has been abundant, however, most of these studies have
been conducted in laboratory populations (Charlesworth &
Charlesworth 1987). Although recent studies suggest that inbreeding
depression might be greatest in the wild, few studies have
investigated wild populations (Crnokrak & Roff 1999). The major
reason for this is the difficulty to obtain detailed pedigree information
on natural populations. As mean d2 does not require pedigree
information it has been suggested to be especially suitable measure of
inbreeding/outbreeding in wild populations (Coulson et al. 1999).
However, while mean d2 is useful in natural populations, it might also
have large potential in the conservation and management of captive
populations. The d2 -value of any given offspring is determined by the
alleles it inherits from its parents, i.e., the possible d2 -value of
offspring resulting from any mating pair is limited by the combination
of alleles that can be inherited. Therefore, if we have the information
of the genotypes of the parents, it is possible to calculate an
estimation of the offspring’s mean d2 -value by using the information
of the parent’s genotypes. This estimated mean d2EST -value has been
found to accurately predict the observed mean d2 -value of the
offspring in Atlantic salmon and Arctic charr (Salvelinus alpinus)
(Primmer et al. unpublished data). In this thesis I used estimated
mean d2 in two studies where I investigated the effect of genetic
diversity on aggressiveness (IV) and on competitive ability (V) in Lake
Saimaa salmon.
Aims of the thesis
My aims in this thesis were to:
• Investigate population level variation in aggressiveness (I) and
metabolic rate (II) among brown trout populations of different
origin. Furthermore, I examined the associations between
aggressiveness and growth rate (I) and between aggressiveness
and metabolic rate (II) among these populations
• Examine the relationship between the intra-individual genetic
variability, as measured with microsatellites, dominance (III),
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aggressiveness (IV), and competitive ability (V) in brown trout
(III) and salmon (IV, V)
Materials and methods
Study species
Salmonid species are an extremely diverse fish family and there is
substantial amount of variation within the various species. Together
with the North American cutthroat trout (Oncorhynchus clarkii), the
European brown trout is among the genetically most substructured
species among the vertebrates (Laikre et al. 1999). Within salmonid
species there exists considerable variation in life history strategies
(Gross 1985; Roff 1988), migration (Tallman et al. 1996), behaviour
(Rosenau & McPhail 1987; Taylor 1991a) and physiological traits
(Taylor 1991b). Such diversity is believed to result largely from the
fact that salmonid populations are usually rather isolated and that
there is little gene flow among populations which inhabit variety of
different habitats (Taylor 1991b).
Salmonids reproduce in freshwater. Anadromous sea-run populations
stay in freshwater for a variable period after which they migrate to
sea and spend there several years. When maturity is reached, these
fish return to their natal stream to spawn. There are also many
salmonid species, which spend their whole life cycle in freshwater as
residents, either in the lake or river. In addition, some freshwater
forms reproduce in the rivers, migrate later to the lakes, after which
they again return to river to spawn. These are called anadromous
lake-run populations. In several anadromous salmonid species, there
also exist freshwater forms, which reach maturity already at the parr
stage. These small, early maturing individuals are typical for Atlantic
salmon, brown trout and masu salmon, (Oncorhynchus masou),
(Altukhov et al. 2000). In brown trout (Elliot 1994) and in Atlantic
salmon these forms have been observed to interbreed with the
anadromous part of the population.
The two salmonid species I have studied in this thesis are salmon and
brown trout. Lake Saimaa salmon is a landlocked lake-run salmon,
which is highly endangered, and its existence relies entirely on
stocking procedures with hatchery reared fish (Kaukoranta et al.
1998; Makkonen et al. 2000). Many brown trout populations in
Finland are also threatened (Makkonen et al. 2000) however these
populations still reproduce naturally. The main threats for salmonids
all over the world are overfishing and environmental degradation
(Allendorf & Waples 1995). In Finland several threatened species and
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populations have been taken in hatcheries, which then regularly
release hatchery-reared fish in to the wild to enhance the natural
population, and also to increase the number of fish in a population to
bear the fishing pressure.
The study populations and rearing conditions
The brown trout populations used in this study originated from
geographically distinct areas (Fig.1) and varied in their migration
behaviour. Seven populations were anadromous, from which three
populations were sea run and four lake run. Three of the study
populations were resident. The salmon population originated from the
Lake Saimaa.
All the fish (both trout and salmon) used originated from hatchery
stocks established to preserve these populations. The brown trout
populations differed in the length of the hatchery history, and
therefore the hatchery background of these populations was also
included into the analyses (I, II, III) (Table 1 in I). Populations were
divided into HATCHERY, MIXED and WILD groups based on the length of
hatchery background. Lake Saimaa salmon used in the experiments
were of second hatchery generation.
In all the experiments the fish were raised in the same environment,
i.e., common garden conditions, from fertilisations (IV, V) or from
eyed-stage eggs (I, II, III) onwards. The eggs and alevins were held in
standard hatchery troughs, one population (I, II, III) or family (IV) in
each trough. After swim-up, the fish were maintained in
population/family -specific standard hatchery tanks. Fish in the
experiment V were raised in individual compartments from
fertilisation, and were kept in these compartments until the
experiment started. All experiments were conducted with 0+ juvenile
fish, i.e., the fish the young of the year.
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Figure. 1. Map of Finland indicating the origin of the ten brown trout populations
used in this study
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Behavioural observations
All the behavioural observations were conducted in aquaria, where
the group size of the fish varied from two (V) to six (III, IV). In all
studies the observation period was 30 minutes, and the observations
were carried out in three consecutive days, with the exception of
experiments in I and III where the number of observation days varied
from three to six. The fish were fed always at the same location in the
beginning of the observations, thus creating a ‘high interaction’
environment (after Ruzzante & Doyle 1993), where individuals are
forced to interact in order to gain access to resources. In this thesis I
have investigated aggressiveness (I, II, IV), dominance (III) and
competitive ability (V), and therefore it is important to define what I
have meant with each term. Aggressive behaviour was classified as:
charge, chase, lateral display, frontal display, nip (Keenleyside &
Yamamoto 1962), approach (Symons 1968) and circle (Johnsson &
Åkerman 1998). In addition, aggressive behaviours were divided in
two categories; overt and mild aggressions. Approach and charge,
which were the least costly and risky behaviours, were classified as
mild aggressions. Nip, chase, frontal display, lateral display and circle
were more costly behaviours (chase), requiring physical contact (nip)
or took place in actual fighting situation, where both fish were
motivated to fight (  circle, frontal display, lateral display). As a
measure of aggressiveness I have used the average number of all
aggressive acts per 30 min observation period. Dominance was
determined solely based on an individual’s ability to show aggressive
behaviour in a group of four fish. The criteria determining dominants
are described in detail in III. Competitive ability was determined
among pairs of fish, and consisted of aggressiveness and the ability to
forage with the presence of competitor (V). The experimental set-ups
for each experiment are described in Fig. 2.
Marking methods and growth measurement
Fish were individually marked to enable individual recognition in
studies I, III and V. The marking method in I and III was cold-
branding (Bourgeois et al. 1987), individual tail clipping and PIT-
tagging. Visible Implant Fluorescent Elastomer (VIE; Northwest
Marine Technology, Inc) tags were used in study V.  None of these
marking methods have been found to have any effect on survival
(Bourgeois et al. 1987; Bonneau et al.1995; Bailey et al. 1998; Hale &
Gray 1998) or behaviour (I) of the fish.
Individual growth rates were monitored for all brown trout
populations from September - October until January (I) or April
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angure 2. Experimental set-ups and number of the replicates used in papers I-V.
 papers I and III, aggressiveness was determined in groups of four brown trout
 juveniles, where the dominant was removed as soon as it was determined. In
pers II and IV, the average aggressiveness of a group of six fish was used.
nally, in paper V, the competitive ability of the test fish was determined against
 opponent fish.
I, III   
8 replicates / population 
x 10 populations
II 12-15 replicates / population
x 4 populations
IV 30 replicates / LOW group 30 replicates / HIGH group
V 26 replicates
Test fish
Opponent
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(III). The size (total length and weight) of each fish was first
measured before it entered the behavioural trials. Between the
measurements, the fish were kept in standard hatchery tanks. The
specific growth rate (SGR, the % growth per day) for individually
known fish was calculated according to Jobling (1994):
SGR = 100 * [(ln W2-ln W1)/T]
where W1 is the weight at the start of the behavioural trial and W2 is
the weight in January or April respectively; T is the length of the
growing period in days.
Metabolic measurements
Metabolic measurements were conducted at the Department of
Biology, University of Joensuu, Finland. Oxygen consumption of ten
fish from each brown trout population was measured at 12 ± 0.1° C in
an automated intermittent-flow respirometer (II). The respirometer
system included three parallel chambers, and a single fish was placed
in each chamber during an experimental run. The measurement
period for each fish lasted 23 hours, during which the oxygen
consumption was measured every 15 minutes. Standard metabolic
rate was defined as the mean of the two lowest oxygen consumption
values in darkness, and a mass-specific metabolic rate was used in the
analysis.
Microsatellite measures and estimates of genetic diversity
The number of polymorphic microsatellite loci used was 12 (III), 11
(IV) and 10 (V), and individuals typed for more than eight loci were
included in the analysis. Two people manually checked all genotypes.
Detailed information of the markers and DNA protocols are given in
the original papers. Parameters used to describe the genetic diversity
were calculated as follows:
Observed heterozygosity- the number of heterozygous loci divided by
the total number of loci analysed, was calculated for each individual.
Mean d2- the squared distance between the two alleles within loci,
averaged over all loci, calculated as
Mean d2 = Σ [(ia – ib) 2 / n ],
where ia, and ib are the lengths of the repeat units, and n is the
number of loci analysed (Coulson et al. 1998). In addition,
Mean d2 scaled - where the mean d2 of each locus was standardised with
its locus-specific variance,
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Mean d2scaled = Σ [(ia – ib) 2 / σ2i ] / n,
where σ2i is the variance of d2 at locus i (Coulson et al. 1999). Finally a
parameter mean d2outbreeding was calculated by excluding the
homozygous loci and recalculating the mean d2 as described above,
but for heterozygous loci only. Mean d2outbreeding has been suggested to
describe the outbreeding component of mean d2 estimate (Coulson et
al. 1999).
Offspring estimated mean d2EST and mean d2scaled EST -values were
calculated for each combination of female and male using the
information on the parents’ genotypes (IV, V). In order to estimates
the average level of offspring genetic variability for each mating pair,
we simulated multi-locus microsatellite genotypes for 5000 offspring
per family. Average values of 5000 simulated offspring was obtained
for each female-male pair (Primmer et al. unpublished data). Ten
pairs with highest and ten pairs with lowest mean d2scaled-EST -values
were used in fertilisations, and the offspring of these families were
used in experiment IV. In V, offspring from two pairs with lowest and
two pairs with highest mean d2scaled-EST -values were used. In addition,
offspring from six families with intermediate mean d2scaled-EST -values
were used in the experiment V as opponents (Fig. 2). The
standardised measure rather than the non-standardised was used as
it reduces the influence of highly polymorphic loci on the overall
measure (Pemberton et al. 1999; Slate et al. 2000). The pair-wise
relatedness (rxy) of parents was estimated using the formula according
to Queller and Goodnight (1989) using the Kinship 1.3 program (IV,
V).
rxy = ΣΣΣ(Py –P) / ΣΣΣ(Px –P)
where P is the population frequency of the alleles present at the locus,
Px is the frequency of the current allele in a current locus, and Py is
the frequency of the same allele in the current individual’s partner.
Results & Discussion
Variation among populations
If populations experience divergent selection on a trait and have a
sufficient amount of genetic variation for a particular trait in an
ancestral population, differences in that trait might evolve within the
species. However, differentiation in a particular trait is possible only
if the gene flow between the populations is low enough (Foster &
Endler 1999; Hendry et al. 2001). Ten brown trout populations,
originating from geographically isolated areas, were found to differ in
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aggressiveness (I). Moreover, among four of these populations
differences were also found in metabolic rate; the SMR in Isojoki
population was significantly higher than in the other populations (II).
Variation in aggressiveness was closely associated with migratory
behaviour; trout from sea-run forms were most aggressive, while
residents behaved least aggressively. This contradicts the findings of
earlier studies, where aggressiveness was positively associated with
stream residence period (Taylor & Larkin 1986; Hutchison & Iwata
1997). These studies suggested that resident fish would be under
greater selective pressures for aggression because they increase their
survival, growth and reproduction by investing in territorial defence
(Hutchison & Iwata 1997). However, there are several reasons why
selection might promote high aggressiveness in migratory
populations. In migratory Atlantic salmon the social status affects
greatly the subsequent life history decisions (Metcalfe et al. 1989).
Similarly, the survival of migratory juvenile brown trout in the
stream is connected to the ability to win a territory (Elliot 1986).
Hence, these results suggest that aggressiveness may be important for
fitness of migratory populations too, which spend several years in the
stream before migration.
A population’s aggression level should reflect the costs and benefits of
territoriality of that particular habitat (Hoffmann 1994).
Environmental variation has most likely been an important factor
influencing the aggressiveness of the brown trout populations.
However, no relationship was found between latitude and
aggressiveness, or between latitude and growth rate (I). Nevertheless,
I did find a relationship between metabolic rate and latitude among
the four brown trout populations (II). However, in contrast with the
results of majority of earlier studies (reviewed in Garland & Adolph
1991), the relationship between SMR and latitude was negative.
Similarly, the association between aggression level and latitude was
negative (II). Many (but not all; see references in Spicer & Gaston
1999 for exceptions) earlier studies have found populations living in
higher latitudes/altitudes to have higher resting metabolic rates
(Garland and Adolph 1991; Spicer & Gaston 1999). The opposite
result obtained in this thesis may be influenced by the fact that these
populations were from hatchery strains. Alternatively, there may
exist another environmental factor masking the effect of latitude. The
river Isojoki has clearly higher phosphorus concentration than the
rivers from which the other study populations originate (databases of
the Regional Environment Centres of Finland). Therefore it is possible
that the more productive environment has favoured higher SMR in
the most southern population Isojoki.
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At the individual level, differences in aggressiveness have been
associated with differences in SMR (Cutts et al. 1998), where
dominant individuals with higher SMR may have greater potential for
fast growth. Although the higher growth of dominants may partly be a
consequence of better access to food, it may also be related to their
higher SMR as these fish should also have wider metabolic scope
(Metcalfe et al. 1995). I found a positive connection between growth
and aggression among ten brown trout populations (I), and
furthermore, there was a positive correlation between SMR and
aggressiveness among four populations (II). In addition, individuals
from populations with high SMR performed more energetically costly
aggressions, whereas energetically cheap and less risky aggressive
acts were more common in populations with lower SMR (II). As
populations were reared in common garden conditions from the eyed-
stage onwards, my results suggest that aggression and growth are
genetically associated traits in brown trout. Although my evidence is
weaker for the positive genetic association between SMR and
aggressiveness as no differences were found in aggressiveness among
these populations, it still offers an interesting suggestion about
possible co-evolution of these traits. High metabolic rate and high
aggressiveness may be advantageous traits in populations inhabiting
environments with stable, abundant food conditions, because the
energetic costs of maintenance and fighting are not critical in those
circumstances. The opposite is presumably true under conditions of
low food availability (Metcalfe et al. 1995). Thus individuals from
populations living in a stable food-rich environment might be more
aggressive and have a higher growth rate compared with individuals
inhabiting a low-food environment. This, however, would largely
depend on the nature of selection in the particular environment, i.e.,
whether high SMR fish are favoured due to their competitive ability
or possibly selected against because of higher injury or predation risk.
The effect of genetic diversity on behaviour
I have demonstrated that genetic diversity is associated with the
dominance status in brown trout (III) and level of aggressiveness (IV)
and foraging in salmon (V). In paper III, I found that brown trout
with higher heterozygosity level were more likely to become
dominants. Also, juvenile salmons with more genetic variation,
measured with mean d2scaled-EST, behaved more aggressively than fish
with less genetic variation (IV). Finally, salmons with more genetic
variation (measured both with d2scaled and H) were better competitors
in terms of foraging rate, than fish with less genetic variation (V).
Earlier several studies with mice have shown that individuals from
inbred lines are poorer competitors and are less aggressive than those
Integrated analysis of aggression in salmonids 19
from outbred lines of mice (Barnard & Fitzsimons 1989; Eklund 1996;
Meagher et al. 2000). Similarly, individuals from inbred lines of
Drosophila have lower reproductive success than outbred individuals,
presumably due to lower competitive ability (Latter & Sved 1994;
Latter et al. 1995). This is, however, the first time when intra-
individual genetic diversity, as assessed with microsatellites, has been
found to covary with aggression, foraging and dominance in fish (III,
IV, V).
Dominant juvenile brown trout were more heterozygous than
subordinates, however, this effect originated mostly from the
populations with the longest hatchery history, i.e., in HATCHERY group
(III). Dominant fish did not, however, have better growth rates in my
study, although aggressiveness and growth rate were positively
correlated among HATCHERY populations (III). Social status can,
however, vary as a consequence of environment. Absolute social
status, according to Metcalfe et al. (1990), is a fish’s inherent ability to
dominate in a large group. Relative status, on the other hand, is the
ability to dominate conspecifics in a smaller group. Dominance in my
study was determined in small groups, but during the growing period
the fish were kept in large tanks with large group size. The reason for
the lack of association between growth and dominance may be that
the relative status of an individual brown trout was not strongly
correlated with its absolute status.
Lake Saimaa salmon from families with low mean d2scaled-EST –values
(LOW group) behaved less aggressively than salmon from families with
higher mean d2scaled-EST –values (HIGH group) (IV). The lower
aggressiveness in the LOW group may reflect a behavioural deficiency
resulting from inbreeding depression, as the parents of the LOW group
were nearly as related as parents and their offspring or fullsibs.
Inbreeding depression has been documented in several laboratory
studies of insects (Maynard Smith 1956), birds (e.g., Sittman et al.
1966) and mammals (e.g., Hill 1974; Lacy et al. 1996), and also in
natural populations (Greenwood & Harvey 1978; Saccheri et al. 1998;
Crnokrak & Roff 1999). Inbreeding depression has been found to
affect several life history traits in salmonids, like frequency of
morphological abnormalities (Kincaid 1976), survival and growth
(Gjerde 1988). Owing to its highly endangered status and low overall
genetic variation measured both with allozymes (Vuorinen 1982) and
microsatellites (Aho et al. 1998; Primmer et al. 2000), Lake Saimaa
salmon may thus be prone to negative effects of inbreeding
depression.
However, there exists also another explanation for the low aggression
level in the LOW group. Salmonids generally behave less aggressively
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towards relatives than towards unrelated fish (Olsén 1999 and
references therein). According to phenotype matching hypothesis,
individuals have either learned or have a genetically dictated
recognition template against which they compare other conspecifics
(Porter et al. 1983). Fish that were together in a trial were siblings
both in HIGH and LOW group, and therefore the effect cannot originate
from individuals being more related in either of the groups. However,
siblings in the LOW group can be ‘more similar’ due to the fact that
they have less genetic variation. The genetically ‘more similar’
siblings in LOW group might have also more similar recognition
template, resulting in enhanced kin recognition, or interpreted in
another way, an incapability of recognising potential competitors.
Both of these interpretations predict lowered aggressiveness in inbred
groups.
Salmons with low amount of genetic variation had lower competitive
ability than fish with more genetic variation (V). In that study, fish
with low genetic diversity foraged less in the presence of competitor
than fish with more genetic variation (V). Because in this experiment
we used non-related opponent with intermediate amount of genetic
variation against every test fish, the effect of low competitive ability
cannot originate from phenotype matching. Inbreeding may be the
main factor reducing competitive ability of juvenile Lake Saimaa
salmon, however the effect can also originate from the more
heterozygous fish being better competitors. Together the above
mentioned studies (III, IV, V) suggest that behaviour may be an
important route through which the effects of genetic diversity in
fitness are manifested. The results presented in this thesis indicate
that genetic diversity may be a significant factor creating variation in
competitive ability among individuals.
Hatchery background — does it matter?
The brown trout populations studied in this thesis differed in the
length of hatchery history, where part of the populations had parents
originating from hatchery (HATCHERY), from wild (WILD) or both
(MIXED). Hatchery conditions differ in many respects from those in
the wild and there is a growing concern that hatchery rearing alters
the genetic background of salmonid populations (Olla et al.1994;
Fleming & Einum 1997; Crozier 1998). Hatchery stocks might have
been established using a small number of fish (Allendorf et al. 1987)
which can alter gene frequencies and reduce the viability of
individuals (Cross & King 1983).
Hatchery can be seen as a selective environment. Selection in the
hatchery may affect the level of aggressiveness (Fenderson et al.
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1968). However, it is not clear how hatchery selection affects
aggressive behaviour as both increased (Fenderson et al. 1968; Swain
& Riddel 1990) and decreased (Doyle & Talbot 1986; Berejikian et al
1996; Hedenskog et al. 2001) aggression levels in hatchery strains
have been found. Despite the differences in the hatchery history of the
fish used in this study, the differences in aggressiveness among brown
trout populations were not associated with the length of hatchery
background (I). Although I found no evidence that hatchery rearing
would increase the aggressiveness of the fish, I did find a positive
association between aggression and growth. Thus individuals in
populations with highest growth rates also behaved more
aggressively. In addition, at the individual-level, a positive correlation
between aggressiveness and growth rate appeared only in the
HATCHERY group, i.e., in populations with the longest hatchery
background (III). These results (I, III) indicate a genetic correlation
between these traits, and suggests that intensive selection focusing on
higher growth rate may eventually also increase the level of
aggressiveness in these fish (Fenderson et al. 1968; Swain & Riddel
1990).
Hatchery background had a clear effect on the appearance of
heterozygote advantage in the dominance hierarchy among groups of
fish (III). Juvenile brown trout ranked as dominants had higher
microsatellite heterozygosity than fish ranked as subordinates, and
this was the case especially in populations having the longest
hatchery history. Furthermore, only among those populations did the
most aggressive fish have the highest growth rate. The reason why
the estimates of genetic diversity and fitness related traits are
associated only in the HATCHERY group is most likely the differences
in genetic background among the WILD, MIXED and HATCHERY groups.
Long period of hatchery rearing can increase the change of factors
such as non-random mating and selection. Similarly, low effective
population size and partial inbreeding can be common in hatchery
populations (Allendorf & Phelps 1980; Ryman & Ståhl 1980; Nielsen
1998; Primmer et al. 1999; Altukhov et al. 2000). These factors, in
turn, increase the possibility of allelic and genotypic associations (see
below) in the genome, which enhance the likelihood of detecting
heterozygosity-fitness correlations.
Most of the salmonid populations in hatcheries all over the world
show reduced genetic variation (Ryman & Ståhl 1980; Allendorf &
Warples 1995; Altukhov et al. 2000). This is the case also in Saimaa
Lake salmon (Vuorinen 1982; Aho et al. 1998; Primmer et al. 2000).
Low levels of inbreeding depression may be difficult to observe in
hatchery conditions, where the availability of food is unlimited
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(Meagher et al. 2000). The low genetic diversity of hatchery
populations may have an effect also on wild populations, as many of
these hatchery stocks are used to enhance the wild populations. The
escape and intentional releases of farmed fish from the hatcheries and
their mixing with the wild populations has been a growing cause of
concern in salmonid conservation during the last decade (Hindar et al.
1991, Clifford et al. 1998). Studies done with several salmonid species
suggest that farmed fish can invade to a natural population efficiently
enough, although in competition with wild fish farmed individuals
usually have lower reproductive success (Fleming et al. 1996; Fleming
et al. 2000). If an inbred hatchery fish shows low aggressiveness and
has poor competitive ability, as my results suggest (IV, V), its chances
to interbreed with wild fish decrease. This can be either a good or a
bad thing, depending of the purpose of the release, and whether the
release of the hatchery fish in to the nature was intentional or
unintentional. The low ability to compete with wild fish may not be a
problem, if a particular inbred hatchery fish was originally
‘unwanted’, i.e., an escaper, or originating from a different population.
It is, however, a problem, if a particular hatchery fish was
intentionally stocked to enhance the wild population. Nevertheless,
the success of hatchery fish in competition with wild fish is probably
dependent also on many other factors too, such as the ability to forage
efficiently on natural of food (Sosiak et al. 1979; Bachman 1984;
Steingrund & Fernö 1997) and to avoid predators (Johnsson et al.
1996; Fernö & Järvi 1998). Therefore, the poorer competitive ability
resulting from lower genetic variation of hatchery fish may not have
such a large influence on its success.
H, mean d2, mean d2scaled — association with fitness?
We found a positive association between behavioural traits and
genetic diversity, where the individual genomic diversity was
determined only from a small number of loci as compared to the
genome size. As it is not surprising to find no relationship between
fitness-related traits and genomic diversity assessed only based on
small number of loci (Chakraborty 1981; Chakraborty & Ryman 1983)
we have to ask how can variation in neutral, highly mutating
microsatellite loci reflect variation in fitness-related traits? If a
positive association between heterozygosity in selectively neutral
microsatellite markers and fitness is found, the most probable
explanation for this is that these markers reflect variation from a
larger part of the chromosome through linkage/identity disequilibrium
(Bierne et al. 1998; Lynch & Walsh 1998; Hedrick et al. 2001). Neutral
loci can mark large fragments of the chromosome through linkage
disequilibrium and thus microsatellites can be co-segregated with
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fitness-associated genes (Bierne et al. 1998). In a partially inbreeding
population there is a positive correlation between the homozygosity of
different loci, and therefore homozygosity in neutral loci will indicate
homozygosity in loci under selection (Charlesworth 1991; David et al.
1995). Factors promoting high levels of linkage disequilibrium are
non-random mating, small effective population size (founder effects),
selection and population subdivision (Avise 1994; David et al. 1995;
Bierne et al. 1998). These factors promoting linkage/identity
disqeuilibrium are also factors appearing in hatchery rearing
(Allendorf & Phelps 1980; Ryman & Ståhl 1980; Nielsen 1998;
Primmer et al. 1999; Altukhov et al. 2000). Therefore, the mechanistic
explanation for the positive association between microsatellite
variation and fitness related-behaviour (III, IV, V) found in this
thesis could reflect the occurrence of identity/linkage disequilibrium
in the studied populations.
No apparent association between mean d2 and fitness-related
behaviour was found in this thesis (III, IV, V). One explanation for
such a result is that markers studied do not follow stepwise mutation
model, and thus the allele lengths do not include historical
information that can be detected when SMM is assumed. Simple
method to detect markers which most likely have other than stepwise
mutations is an inspection of the distribution of the allele frequencies.
Markers showing bimodal distribution are more likely to have
mutations deviating from SMM than markers showing unimodal
distribution (Höglund & Dannewitz, unpublished data.). However, the
allele frequencies of all studied loci seemed to follow unimodal
distribution (III, IV, V), giving no indication that these markers
would behave in non-SMM manner. The majority of the published
studies investigating the association between mean d2 and
heterozygosity with fitness have found mean d2 to be more powerful
detector of inbreeding/heterosis than microsatellite heterozygosity
(Coulson et al. 1998, 1999; Coltman et al. 1998; Rossiter et al. 2001;
Hansson et al. 2001; but see Slate et al. 2000). Recently Hedrick et al.
(2001) evaluated the information content of microsatellite
heterozygosity and mean d2 by comparing these parameters with
inbreeding and outbreeding coefficients. They studied a large number
of loci to investigate variation in a wolf population with a known
pedigree. They concluded that mean d2 did not offer any additional
information on outbreeding/inbreeding compared with heterozygosity.
On the contrary, they found heterozygosity to be a better predictor of
inbreeding/outbreeding in the wolf population (Hedrick et al. 2001).
Although I did not find any association between mean d2 and
competitive behaviour, the mean d2scaled (observed and estimated
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values), which is the standardised version of mean d2, was positively
associated with aggressiveness and foraging in salmon (IV, V). In
addition mean d2scaled correlated positively with growth rate in trout
populations with the longest hatchery history (III). Standardised d2 is
expected to reduce the influence of highly polymorphic loci, however,
standardising the mean d2 with variance may dampen the effect of the
more polymorphic loci and correspondingly underline the effect of the
less polymorphic loci (Coltman et al. 1998; Höglund & Dannewitz,
unpublished data). The influence of very polymorphic loci on the mean
d2scaled can be negligible, especially if the relationship with
polymorphism and variance of the marker is not linear (Höglund &
Dannewitz, unpublished data), which was also the case in my studies
(III, V). Although mean d2scaled and mean d2 were highly correlated in
my studies (III, V), these parameters seem to measure partly
different things. Relatedness of the parents was more closely
associated with the standardised version and heterozygosity rather
than non-standardised d2 (IV, V). Therefore, at least in small
salmonid populations with low levels of genetic diversity, mean d2scaled,
together with heterozygosity, may reflect more accurately inbreeding
rather than outbreeding in a population.
Concluding remarks
It is now time to repeat the question asked in the beginning: what
influences on the aggressiveness of salmonid fish? Based on the
results of this thesis, new factors can be added in to the list. Firstly,
aggressiveness seems to be associated with migratory behaviour. This
was suggested already in the beginning (Taylor & Larkin 1986;
Hutchison & Iwata 1997), however, my results suggest the opposite
relationship than earlier studies; residents were least and sea-run fish
were most aggressive (I). Brown trout from populations behaving
more aggressively seem to have higher growth rate than individuals
from less aggressive populations (I), in addition they may also
experience higher metabolic rate (II). These associations, earlier
found at an individual level (Metcalfe et al. 1995; Nicieza & Metcalfe
1999), are now for the first time observed at the population level.
Aggressiveness, dominance and competitive ability are also affected
by the genetic diversity of individual. More heterozygous individuals
are more likely to become dominants (III), and they also have better
competitive ability (V). Together these findings add new information
to the body of knowledge of aggressive behaviour in salmonids. In
addition, my thesis provides information on the microsatellite-based
estimates as tools for studying the effects of intra-individual genetic
diversity on fitness-related traits. Contradicting with the majority of
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studies, (Coulson et al. 1998, 1999; Coltman et al. 1998; Hansson et al.
2001; Rossiter et al. 2001), but in the accordance with findings of
Hedrick et al. (2001) I found heterozygosity to reflect
inbreeding/outbreeding in a salmonid populations more accurately
than mean d2.
Where to go from here? Results that I obtained in this thesis provoke
several new questions. One of them is the positive association between
aggression, growth (I) and metabolic rate (II) at the population level.
Assuming that this association exists also in other salmonid
populations, we can derive a testable hypothesis. Disregarding other
selective factors for a moment, environment with abundant food
would favour fast growing and aggressive fish with higher metabolic
rate, because the energy costs of these traits would not be limiting due
to food-rich environment (Metcalfe et al. 1995). Correspondingly, the
energy costs of high metabolic rate, high aggressiveness and fast
growth would probably be too high in low-food environment, and
selection might thus favour fish with low metabolic rate, low level of
aggressiveness and slower growth.
Similarly, more research is needed in order determine the magnitude
of the effect of genetic variation on competitive ability of salmonids in
the nature. My results on the effect of genetic variation on dominance
(III), aggression (IV) and competitive ability (V) were obtained at
laboratory conditions. However, the influence of environmental stress
on the survival and growth of salmonids with variable genetic
diversity call for further research, because environmental conditions
interact with levels of inbreeding (Crnokrak & Roff 1999). Poor
competitive ability due to low genetic diversity in an environment
with limited food may result in more dramatic effects, which can be
then reflected in growth or survival. Thus experiments in seminatural
environments and in the wild are needed.
To conclude, integrating behaviour, physiology, and genetics resulted
in novel and interesting findings on the causes and constraints of
variation in aggressiveness of salmonids. Despite the modern
techniques used, the basis of this thesis unquestionably relies on the
countless hours spent in observing the behaviour of fish. Modern tools
have undoubtedly increased our knowledge on animal behaviour, and
helped to gain a better understanding of aggressiveness and its
ecological and evolutionary causes and consequences. The
incorporation of such tools to forthcoming studies continues to be
highly preferable. This, however, should be done without
underestimating the importance of detailed observation of animal
behaviour.
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